Mutations in transforming growth factor beta (TGFb) receptor type II (TGFBR2) cause Loeys-Dietz syndrome, characterized by craniofacial and cardiovascular abnormalities. Mice with a deletion of Tgfbr2 in cranial neural crest cells (Tgfbr2 fl/fl ;Wnt1-Cre mice) develop cleft palate as the result of abnormal TGFb signaling activation. However, little is known about metabolic processes downstream of TGFb signaling during palatogenesis. Here, we show that Tgfbr2 mutant palatal mesenchymal cells spontaneously accumulate lipid droplets, resulting from reduced lipolysis activity. Tgfbr2 mutant palatal mesenchymal cells failed to respond to the cell proliferation stimulator sonic hedgehog, derived from the palatal epithelium. Treatment with p38 mitogenactivated protein kinase (MAPK) inhibitor or telmisartan, a modulator of p38 MAPK activation and lipid metabolism, blocked abnormal TGFb-mediated p38 MAPK activation, restoring lipid metabolism and cell proliferation activity both in vitro and in vivo. Our results highlight the influence of alternative TGFb signaling on lipid metabolic activities, as well as how lipid metabolic defects can affect cell proliferation and adversely impact palatogenesis. This discovery has broader implications for the understanding of metabolic defects and potential prevention of congenital birth defects.
INTRODUCTION
Orofacial clefts, including cleft palate and cleft lip, are among the most prevalent human birth defects (1) . The etiology of cleft palate is influenced by complex genetic and environmental risk factors as well as gene -environment interactions. Metabolic abnormalities, such as maternal diabetes and obesity, increase the risk of cleft palate and other craniofacial deformities (2 -5) .
The critical steps in palatogenesis include the growth, alignment and fusion of the palatal shelves, which are completed by embryonic day 16.5 (E16.5) in mice and by the end of the first trimester of gestation in humans (6, 7) . The palatal shelves are composed of diverse cell types derived from the cranial neural crest (CNC), mesoderm, and pharyngeal ectoderm (8) . CNC cells contribute to the vast majority of the palatal mesenchyme and play crucial roles in palatogenesis (9) . The fact that maternal and fetal metabolic abnormalities convey an increased risk of orofacial clefting suggests that CNC-derived cells are sensitive to alterations in cellular homeostasis during early embryogenesis.
However, the influence of the lipid metabolic pathway on palate development and cleft palate remains unknown.
Transforming growth factor beta (TGFb) signaling has crucial functions in regulating craniofacial development (8) . For example, mutations in the TGFb receptors (TGFBR1 or TGFBR2) cause Loeys -Dietz syndrome (previously called Marfan syndrome type II), which presents with cleft palate and other craniofacial and cardiovascular abnormalities (10) (11) (12) . Similarly, loss of Tgfbr1 (a.k.a. Alk5) or Tgfbr2 in murine CNC cells leads to craniofacial malformations such as cleft palate (8) . We have demonstrated that these defects result from the inappropriate activation of a noncanonical TGFb signaling pathway through the TbRI/TbRIII receptor complex in the absence of TbRII (13) .
In this study, we investigated how alternative TGFb signaling in Tgfbr2 fl/fl ;Wnt1-Cre mouse embryos adversely affects cellular metabolism during palatogenesis. We found that lipid metabolic aberrations are associated with a cell proliferation defect in Tgfbr2 mutant palatal mesenchymal cells and evidence of impaired sonic hedgehog (SHH) signaling. We were able to rescue cleft palate in Tgfbr2 mutant mice via a pharmacological approach that corrected the altered p38 mitogen-activated protein kinase (MAPK) activation and lipid metabolic defects. Thus, the lipid metabolic pathway appears to be a functionally relevant downstream target of altered noncanonical TGFb signaling. Furthermore, we suggest that prenatal pharmacological interventions that modulate the activity of the lipid metabolic pathway may reduce the risk of orofacial clefting caused by aberrant TGFb signaling.
RESULTS

Tgfbr2 mutant CNC cells have reduced lipolytic activity and accumulate lipid droplets
Loss of Tgfbr2 results in altered TGFb signaling activity and cleft palate in mice (13) . We found that lipid droplets accumulated in the E14. ;Wnt1-Cre and littermate control mice. We found that Tgfbr2 mutant MEPM cells spontaneously accumulated intracellular lipid droplets (Fig. 1A) . We quantified lipid droplet accumulation by Oil Red O staining (Fig. 1B) and measured amounts of cellular triacylglycerol (TAG), which is the major component of lipid droplets in cells (Fig. 1C) .
To explore the metabolic basis for lipid droplet accumulation in Tgfbr2 mutant MEPM cells, we performed pulse-chase analyses using oleic acid, which is an inducer of lipid droplet formation, and isoproterenol, which is a nonspecific b-adrenergic agonist that serves as a chemical inducer of lipolysis (Fig. 1D ). The number of lipid droplets increased by 4-fold in MEPM cells of both control and Tgfbr2 mutant mice following oleic acid treatment. Upon switching to isoproterenol-containing growth medium, the number of lipid droplets decreased immediately in control MEPM cells but remained high in Tgfbr2 mutant MEPM cells. The non-responsiveness of the Tgfbr2 mutant MEPM cells to isoproterenol suggests decreased lipolytic activity downstream of altered TGFb signaling.
To compare the efficiency of induction of adipocyte fate in MEPM cells of control and Tgfbr2 mutant mice, we cultured primary MEPM cells from control and Tgfbr2 mutant mouse embryos in adipocyte differentiation medium for 1 week. The resulting adipocytes derived from Tgfbr2 mutant and control MEPM cells were indistinguishable in both number and appearance, which suggests that altered TGFb signaling does not affect CNC cell differentiation into adipocytes ( Fig. 1E ; Supplementary Material, Fig. S2 ). After isoproterenol stimulation, the released glycerol levels in Tgfbr2 mutant CNC-derived adipocytes were lower than those of controls (Fig. 1F) , consistent with a defect in lipolytic activity.
Next, we tested whether lipid accumulation in the palatal mesenchyme resulted from alterations in insulin signaling, carbohydrate metabolism or glucose uptake via activation of the serine/threonine protein kinase AKT (a.k.a. protein kinase B) signaling pathway (14, 15) . Based on immunoblot analysis of phosphorylated AKT, regular AKT, phosphorylated phosphatase and tensin homolog (PTEN), and phosphorylated 3-phosphoinositide-dependent protein kinase-1 (PDK1, a.k.a. PDPK1) protein levels, we detected no evidence of altered AKT signaling activity in Tgfbr2 mutant MEPM cells compared with controls (Fig. 1G) . We therefore conclude that the observed defect is unlikely to be due to changes in insulin signaling, carbohydrate metabolism, or glucose uptake via AKT signaling.
We have recently reported that p38 MAPK signaling is selectively activated in the palate of Tgfbr2 fl/fl ;Wnt1-Cre mice (13) . To inhibit the p38 MAPK pathway, we treated Tgfbr2 mutant and control MEPM cells with the p38 MAPK inhibitors SB203580 and PD169316. After treatment, we failed to detect lipid droplet accumulation in the Tgfbr2 mutant MEPM cells, consistent with elevated p38 MAPK activity involvement in lipid droplet accumulation in these cells ( Fig. 1H ; Supplementary Material, Fig. S3 ).
Identification of candidate downstream metabolic targets of altered TGFb signaling
The ability to synthesize and store neutral lipids in cytoplasmic lipid droplets is a universal property of eukaryotes from yeast to humans (16) . TAG, which is a neutral lipid and the main component of lipid droplets, is degraded into free fatty acids and glycerol (16) . A previous study in rodents has reported that the lipid composition detected in cleft palate includes an accumulation of diglycerides and a reduction in free fatty acids, suggesting that rodents with cleft palate have a defect in lipolysis (17) . In addition, previous studies demonstrate that altered adenosine 3 ′ , 5
′ -cyclic monophosphate (cAMP)-PKA signaling causes cleft palate in mice (18, 19) . We hypothesized that altered cAMP levels could play a role in this defect because cAMP induces phosphorylation and activation of lipid droplet-associated proteins and lipases via cAMP-dependent protein kinase (PKA; EC 2.7.1.37) (20) . To examine cAMP levels in MEPM cells, we measured the total amount of cAMP in control and Tgfbr2 mutant MEPM cells. We found that cAMP was reduced in Tgfbr2 mutant MEPM cells and restored after p38 MAPK inhibitor SB203580 treatment ( Fig. 2A) .
To identify candidate molecules related to lipid metabolic aberrations and cAMP regulation following the loss of Tgfbr2, we performed microarray analysis using MEPM cells from in Tgfbr2 mutants relative to control MEPM cells (Fig. 2B) . To assess the functional significance of Adcy2 and Pde4b, we measured cAMP levels after Adcy2 overexpression and Pde4b siRNA knockdown in Tgfbr2 mutant MEPM cells. We found that reversing the expression of both Adcy2 and Pde4b in Tgfbr2 mutant MEPM cells restored the amounts of cAMP and lipid droplet accumulation to control levels ( Fig. 2C ; Supplementary Material, Fig. S4A ). Moreover, the expression levels of Adcy2 and Pde4b in Tgfbr2 mutant MEPM cells were restored to control levels after treatment with p38 MAPK inhibitor SB203580, suggesting that noncanonical TGFb signaling through the p38 MAPK pathway regulates Adcy2 and Pde4b gene expression in Tgfbr2 mutant MEPM cells (Fig. 2D) .
To test the hypothesis that altered p38 MAPK activation suppresses PKA activity in Tgfbr2 mutant cells, we assessed phosphorylation of PKA regulatory subunit type II (PKAR2) in MEPM cells after treatment with p38 MAPK inhibitor SB203580. We found that PKAR2 activation was decreased in Tgfbr2 mutant MEPM cells compared with controls and restored after treatment with SB203580 (Fig. 2E) . Next, we analyzed the sequences of the mouse Adcy2 and Pde4b genes [5-kb upstream and 5-kb downstream of their transcription start sites (TSS), respectively] for conserved transcription factor binding site motifs in orthologous mouse, rat and human sequences (Fig. 2F) . The Adcy2 and Pde4b genomic regions contained myocyte enhancer factor-2 (Mef2c) recognition sites, raising the possibility that noncanonical TGFb signaling through the p38 MAPK pathway may regulate the expression 
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Human Molecular Genetics, 2014, Vol. 23, No. 1 of these genes (21) (22) (23) (24) . A previous study indicates that Mef2c induces or suppresses gene expression of various target molecules in different transcription factor complexes (25) . We performed a chromatin immunoprecipitation (ChIP) assay for Mef2c on the promoter regions of Adcy2 and Pde4b and found that Mef2c recognition sites were immunoprecipitated by antiMef2c antibody, indicating that Mef2c can bind to these sites on the promoter regions of Adcy2 and Pde4b (Fig. 2G ). Thus, noncanonical TGFb signaling may lead to reduced cAMP levels and lipolysis activities seen in the Tgfbr2 mutant, as well as alterations in other lipid metabolic pathways.
To confirm that the accumulation of lipid droplets in Tgfbr2 mutant MEPM cells is not the result of a cell fate change to adipocytes, we screened for the presence of adipocyte gene expression markers (e.g. Pparg, Fabp4, Ucp1 and Lep1) in MEPM cells from Tgfbr2 mutant and control mice (Supplementary Material, Table S2 ). We found no changes in the expression levels of these genes, consistent with the conclusion that CNC-derived palatal mesenchymal cells are accumulating lipid droplets and not transdifferentiating into adipocytes. Taken together, our findings suggest that decreased cellular cAMP levels may contribute to the altered lipid metabolic activity in Tgfbr2 mutant palatal mesenchyme.
Compromised SHH signaling in Tgfbr2 mutant palatal mesenchymal cells
Our previous studies have shown that loss of Tgfbr2 results in a CNC cell proliferation defect and causes cleft palate (13, 26) . To address the question of how lipid metabolic (27) . We tested these candidate molecules in cell proliferation assays of wild-type and Tgfbr2 mutant MEPM cells with these growth factors and found that only SHH and FGF9 strongly induce cell proliferation activity in control MEPM cells, while the other growth factors failed to induce cell proliferation activity (Fig. 3A) . SHH failed to induce cell proliferation activity in Tgfbr2 mutant MEPM cells, but FGF9 was able to induce proliferation, suggesting that SHH signaling is compromised in Tgfbr2 mutant MEPM cells (Fig. 3B) . During palatogenesis, SHH is derived from epithelial cells and strongly stimulates mesenchymal cell proliferation (28) . Mice with an epithelial cell-specific deletion of Shh (Shh fl/fl ;K14-Cre) exhibit cleft palate resulting from a defect in mesenchymal cell proliferation (Supplementary Material, Fig. S5 ), consistent with previous findings in mice with a single allele of an epithelial cell-specific deletion of Shh in a Shh heterozygous null background (Shh c/n ;K14-Cre) (29, 30) . Interestingly, SHH signaling activities are closely associated with lipid metabolism and are regulated by the amount of intracellular cholesterol in SHH-responsive cells (31, 32) . Therefore, we hypothesized that the lipid metabolic aberrations in (Fig. 3C) . Control MEPM cells responded to 0.1 or 0.5 mg/ml of SHH. In contrast, SHH addition had no effect on the cell proliferation activity of Tgfbr2 mutant MEPM cells. We also analyzed Gli1 gene and GLI1 protein expression after SHH treatment, since SHH induces Gli1 expression during palate formation (33) . We found that SHH fails to induce either Gli1 gene or GLI1 protein expression in Tgfbr2 mutant MEPM cells, although both gene and protein expression of GLI1 increased in control MEPM cells after SHH treatment ( Fig. 3D and E) . To assess the role of altered p38 MAPK activation in the failure of Tgfbr2 mutant cells to respond to SHH, we treated mutant MEPM cells with p38 MAPK inhibitor and SHH together and found that Gli1 expression increased (Fig. 3F) . These data indicate that altered p38 MAPK activation is responsible for loss of SHH signaling. Next, we tested whether treatment with p38 MAPK inhibitor and/or SHH could rescue the cell proliferation defect in Tgfbr2 mutant MEPM cells. After treatment with both p38 MAPK inhibitor and SHH, but not either alone, cell proliferation activity in Tgfbr2 mutant MEPM cells was restored to the level of controls ( Fig. 3G; Supplementary Material, Fig. S6A ). Thus, our data suggest that loss of Tgfbr2 in CNC cells results in lipid metabolic aberrations that are responsible for compromised SHH signaling, and therefore cause reduced mesenchymal cell proliferation.
Clinically, angiotensin II receptor blocker (ARB) telmisartan acts as an antagonist of TGFb signaling, inhibits p38 MAPK, and has been shown to influence lipid metabolic activity (34, 35 ). Therefore, we tested whether treatment with telmisartan and SHH together can normalize cell proliferation activity in Tgfbr2 mutant MEPM cells. Telmisartan inhibited altered p38 MAPK activation in Tgfbr2 mutant MEPM cells when administered at concentrations between 20 and 50 mM (Fig. 4A) . Telmisartan suppressed TGFb-mediated p38 MAPK activation in these mutant MEPM cells (Fig. 4B ). In addition, gene expression of Adcy2 and Pde4b was restored in Tgfbr2 mutant MEPM cells after treatment with telmisartan (Fig. 4C) . As expected, Gli1 expression was increased after the treatment with both telmisartan and SHH (Fig. 4D ). Furthermore, the cAMP level and PKAR2 activation were normalized in Tgfbr2 mutant MEPM cells after treatment with telmisartan ( Fig. 4E and F) . Lipid droplet accumulation in Tgfbr2 mutant MEPM cells was blocked by the treatment with telmisartan (Supplementary Material, Fig. S4B ). Finally, after the treatment with both telmisartan and SHH, but not telmisartan alone or SHH alone, cell proliferation activity was restored to control levels in Tgfbr2 mutant MEPM cells ( Fig. 4G; Supplementary Material, Fig. S6B ). Taken together, these data suggest that telmisartan is a potential p38 MAPK inhibitor and can block alternative TGFb signaling in Tgfbr2 mutant palatal mesenchymal cells.
Rescue of cleft palate by prenatal telmisartan treatment
To test our model in an ex vivo organ culture system, we implanted SHH-containing beads into Tgfbr2 mutant and control palatal explants with the palatal epithelium removed and assessed cell proliferation ( Fig. 5A and B) . SHH-induced cell proliferation in control but not Tgfbr2 mutant palates (Fig. 5C ). To test whether altered p38 MAPK activation is responsible for cell proliferation activity, we treated palatal tissues with p38 MAPK inhibitor and SHH for 24 h. After the treatment with both p38 MAPK inhibitor and SHH, reduced cell proliferation activity was restored to control levels in the Tgfbr2 mutant palates (Fig. 5D) . Similarly, the cell proliferation defect in the Tgfbr2 mutant palates was rescued after treatment with both telmisartan and SHH (Fig. 5E) . Protein expression levels of SHH were similar in the palates of both control and Tgfbr2 mutant mice at E14.5, indicating that SHH expression is not affected by loss of Tgfbr2 in the palatal mesenchyme (Fig. 5F ).
Our lines of in vitro and ex vivo evidence converge to suggest strongly that the modulation of lipid metabolism by telmisartan could rescue cleft palate in Tgfbr2 mutant mice. To test this, telmisartan was administered to pregnant mice (20 mg/kg body weight per day) from E11.5 to E15.5. Significantly, cleft palate was rescued by telmisartan treatment in 44% (12/27 animals) of the Tgfbr2 fl/fl ;Wnt1-Cre pups from these litters ( Fig. 6A and  B) . We detected no obvious side effects to other organs in the mice after treatment with telmisartan (Supplementary Material, Fig. S7 ). The cell proliferation defect observed in Tgfbr2 mutant mice was restored after the treatment with telmisartan ( Fig. 6C  and D) . The elevated p38 MAPK activity in the pups was reduced to control levels after telmisartan treatment (Fig. 6E) . Furthermore, telmisartan treatment resulted in the normalization of TAG levels in the palate of the Tgfbr2 mutant mice (Fig. 6F) . Gene expression of Adcy2 and Pde4b was also restored in E14.5 Tgfbr2 mutant mice after the treatment with telmisartan ( Fig. 6G  and H) . Thus, we propose that loss of Tgfbr2 in CNC cells results in lipid metabolic aberrations that are responsible for compromised SHH signaling, reduced mesenchymal cell proliferation and cleft palate (Supplementary Material, Fig. S8 ).
DISCUSSION
Although aberrant TGFb signaling is known to cause cleft palate in humans and genetically engineered mice, the downstream mechanisms responsible for these craniofacial malformations have not yet been fully elucidated (8) . In prior work, we demonstrated that there are cell proliferation defects in palatal tissue from Tgfbr2 fl/fl ;Wnt1-Cre mouse embryos at E14.5 (13) . Given the wealth of evidence that aberrant lipid metabolism can lead to cleft palate in humans and genetically engineered mice, we hypothesized that alterations in lipid homeostasis could contribute to cleft palate in Tgfbr2 fl/fl ;Wnt1-Cre mouse embryos. As an entry point into the investigation of altered lipid homeostasis, we focused on the accumulation of TAG in lipid droplets in Tgfbr2 mutant MEPM cells. TAG is degraded into free fatty acids and glycerol (16) . A previous study reported that the lipid composition detected in rats with cleft palate includes an accumulation of diglycerides and a reduction of free fatty acids, suggesting a defect in lipolysis (17) . To investigate the mechanistic basis for TAG accumulation in Tgfbr2 mutant cells, we treated MEPM cells with chemical reagents that are agonists for lipolysis and found that TAG levels were normalized by p38 MAPK inhibitor and telmisartan. Our data therefore indicate that reduced lipolysis activity is responsible for the elevated cellular TAG levels and lipid droplets in Tgfbr2 mutant cells. Our observation that the palates from Tgfbr2 mutant mice show reduced cAMP levels is consistent with this notion since cAMP levels regulate lipolysis via the PKA pathway (20) . Intriguingly, there are dynamic changes in cAMP levels and ADCY activity in the palate during development, and toxins that induce cleft palate have an inhibitory effects on palatal cAMP and ADCY (19) .
Under low levels of cAMP, the PKA holoenzyme remains intact and is catalytically inactive. In humans and animals, the cellular processes under the regulation of cAMP/PKA play crucial roles in the development of the secondary palate (19) . The phosphorylation of PKA results in a change in the activity of lipid droplet-associated proteins and lipases (20) . Our results suggest that TGFb may mediate cAMP regulation via gene expression of Adcy2 and Pde4b, and regulate lipid metabolism and cell proliferation during palate formation. Thus, noncanonical TGFb signaling may lead to reduced cAMP levels and compromised lipolysis activities as well as alterations in other lipid metabolic pathways.
Telmisartan is one of the few potential drugs that may affect lipolysis. It was originally classified as an ARB, but was recently reported to have an additional function, namely modulating p38 MAPK activation and lipid metabolism (34, 35) . We found that palatal fusion is rescued in 44% of Tgfbr2 mutant mice following telmisartan treatment. Interestingly, though telmisartan rescued cleft palate in Tgfbr2 mutant mice, it did not rescue the defects in calvarial, mandibular, lingual and cardiovascular development found in these mice. One possible explanation is that SHH expression is restricted to the palatal rugae. Therefore, a reduction of lipid accumulation alone does not prevent other developmental defects, but rather only affects SHH-responding cells in the palatal mesenchyme. This reasoning is supported by the previous finding that Shh knock-out mice exhibit a phenotype that is noticeable mainly in the palate (30) . Alternatively, based on phenotypes of mice with mutations in genes related to lipid metabolism, CNC cells might be more sensitive to lipid metabolic aberrations than cells in other regions of the body (31, 36, 37) . The co-occurrence of a lipid metabolic defect and SHH signaling aberration may be associated with the observed phenotypes. The rescue of cell proliferation and Gli expression by a p38 inhibitor may be independent of the function of GLI in rescuing lipid phenotypes. The observed phenotypes may also be a combination of SHH expression and lipid metabolic aberrations. Our findings shed new light on the functionally relevant downstream targets of aberrant TGFb signaling that are responsible for cleft palate in Tgfbr2 fl/fl ;Wnt1-Cre mice. We provide evidence that altered lipid metabolic activity may affect cellular response to SHH signaling. These results may be relevant to maternal metabolic risk factors for cleft palate, including diabetes and obesity. Given the increasingly elevated prevalence of these conditions in developed nations, a better understanding of the role that the lipid metabolic pathway plays in palatogenesis could have a significant impact on diagnosing orofacial clefting. Furthermore, our findings highlight future opportunities for designing new medicines to prevent cleft palate in families with a high risk of clefting, such as those with Loeys -Dietz syndrome or lipid metabolic defects.
MATERIALS AND METHODS
Animals
All mice were genotyped and maintained as previously described (26) and were handled in accordance with protocols approved by the Institutional Animal Care and Use Committee at the University of Southern California. C57BL/6J mice ;Wnt1-Cre male mice, were treated via feeding tube with oral telmisartan (20 mg/kg body weight per day) or vehicle (dimethyl sulfoxide) from E11.5 to E15.5.
Histological examination
Hematoxylin and Eosin (H&E) staining and BrdU staining were performed as described previously (13) . Cryosections were stained with Oil Red O to detect lipid production. Prepared sections were washed three times in phosphate-buffered saline for 5 min each and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 1 h at 48C. Sections were then incubated for 15 min in 60% isopropanol and stained for 15 min with a filtered solution of three parts Oil Red O (saturated in isopropanol) and two parts ddH 2 O. Next, slides were briefly rinsed in 60% isopropanol and washed thoroughly in ddH 2 O. Sections were counterstained with Mayer's hematoxylin.
Assays
Triglyceride levels were measured with an enzymatic method usingN-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline sodium salt according to the manufacturer's instructions (Wako, Tokyo, Japan). Data are expressed as microgram per 100 mg 
Cell culture
Primary MEPM cells were obtained from E13.5 embryos as described previously (13) . Adipogenic differentiation was induced by culture in a monolayer for 1 week after initial seeding of the cells at 1.5 × 10 4 cells/cm 2 in complete medium supplemented with 1 mmol/l dexamethasone, 1 mg/ml insulin, and 0.5 mmol/l 3-isobutyl-1-methylxantine. Lipids were stained with Oil Red O, dissolved in isopropanol, and then measured in a spectrometer. Data are expressed as results at OD 540 nm . Quantitative analyses of glycerol released into the medium by isoproterenol stimulation were performed using an Adipolysis Assay Kit according to the manufacturer's instructions (Cayman, MI, USA). MEPM cells were treated with or without p38 MAPK inhibitor (SB203580 or PD169316) at 10 mM, telmisartan at 20 mM or Adcy2 overexpression/Pde4b siRNA for 3 weeks. In BrdU incorporation assays, MEPM cells were treated with or without p38 MAPK inhibitor SB203580 (10 mM) or telmisartan (20 mM) and/or SHH (0.5 mg/ml) for 3 days and then incubated with BrdU for 1 h. BrdU staining was performed according to the manufacturer's instructions (Invitrogen).
Palatal shelf organ culture
Timed pregnant mice were sacrificed at E13.5. Genotyping was carried out as described above. The palatal shelves were microdissected, then incubated with 2.5% dispase for 10 min at room temperature. Palatal epithelium was mechanically removed and the remaining palates were cultured in serum-free chemically defined medium as previously described (27) . After 24 h in culture with or without p38 MAPK inhibitor SB203580 (100 mM) or telmisartan (50 mM) and/or SHH beads (25 mg/ ml), palates were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) and processed. All experiments were performed on at least five samples.
Pulse-chase analysis of lipid droplet formation
Chemical inducers, oleic acid for lipogenesis and isoproterenol for lipolysis, were added into culture medium to analyze lipid droplet formation. The number of lipid droplets per cell was counted after Oil Red O staining. Oleic acid was added to the medium at 100 mM for 0, 60 and 120 min, then washed out and changed to medium with 100 mM isoproterenol up to 30 min. Twenty cells were counted at each time point.
Immunoblot analysis
Immunoblots were performed as described previously (38, 39) . Antibodies used for immunoblotting were as follows: rabbit monoclonal antibody against phosphorylated PKAR2 (Abcam); rabbit polyclonal antibodies against phosphorylated p38, AKT, phosphorylated AKT (Ser473), phosphorylated PTEN, phosphorylated PDK1 (Cell Signaling Technology), PKAR2 (Santa Cruz Biotechnology) and GLI1 (Abcam); goat polyclonal antibody against SHH (Santa Cruz Biotechnology) and mouse monoclonal antibodies against p38 (Cell Signaling Technology) and GAPDH (Millipore). Quantitative densitometry analyses of immunoblotting data were performed using three samples for each experiment. Error bars represent standard deviations.
Microarray analysis
Total RNA samples (1 mg per sample) were isolated from cultured MEPM cells after two passages in regular medium, and then converted into biotin-labeled cRNA using the GeneChip w IVT Labeling Kit and standard protocols recommended by Affymetrix (Santa Clara, CA, USA). Fragmented cDNA was applied to GeneChip w Mouse Genome 430 2.0 Arrays (Affymetrix) that contain probe sets designed to detect over 39 000 transcripts. Microarray analyses were performed as previously described (13) . Probes sets showing ≥1.5-fold differential expression with a ,5% FDR were identified using LIMMA (Linear Models for Microarray Data)-based linear model statistical analysis (40) and FDR calculations were made using the SPLOSH (spacings LOESS histogram) method (41) . All scaled gene expression scores and .cel files are available at the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus repository http://www.ncbi.nih.gov/geo/ under Series Accession Number GSE46150 (http://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?token=fxapvmuouqeqwdq&acc=GSE46150).
Quantitative reverse transcription polymerase chain reaction (RT -PCR)
Total RNA was isolated from mouse embryonic palates dissected at E14.5 or from primary MEPM cells using QIAshredder and RNeasy Micro extraction kits (Qiagen). cDNA was synthesized from 1 mg of total RNA using SuperScript III (Invitrogen), and quantitative PCR was performed in triplicate using SYBR Green (Bio-Rad Laboratories) in an iCycler (Bio-Rad Laboratories), as described previously (27, 38 Transcription factor binding site analysis
The UCSC genome browser was used to obtain the genomic sequences of the mouse Pde4b (RefSeq accession NM_ 002600.3) and Adcy2 (RefSeq accession NM_020546.2) genes, including 5 kb upstream and 5 kb downstream of the respective TSS, based on mouse genome Build 38. Transcription factor binding motifs relevant to p38 MAPK pathway elements within or proximal to these genes (i.e. 5 kb upstream and 5 kb downstream of the human TSS for each gene) were located using MatInspector software (Genomatix).
